This study evaluated the clinical validity of frameless stereotaxy using high-field intraoperative magnetic resonance (iMR) imaging combined with an in-room neuronavigation system. A 1.5 Tesla MR scanner in conjunction with a ceiling-mounted neuronavigation system was used during 32 frameless stereotaxy procedures consisting of 19 brain biopsies and 13 catheter placements between April 2002 and mid-October 2003. Evaluation of the procedure was based on either the rate of histological diagnostic yield or the ability to accurately position the catheter in the target region. This technique allowed successful registration with a mean error of 1.2 ± 0.8 mm and resulted in successful placement of the instrument within the target tissue. Intraoperatively, frozen section analysis showed all biopsy samples contained pathological tissue and locations of sampling points were confirmed by iMR imaging. Specific final diagnosis was made in all 19 brain biopsies. The tip of the catheter was successfully placed into the target in all 13 patients confirmed by iMR imaging. The catheter was repositioned based on iMR imaging in four of 13 patients, increasing the rate of successful placement. There were no procedure-related neurological deficits or mortality, but we encountered two cases of wound infection, one needing surgical revision. Total additional procedure time related to the induction of iMR imaging was 76.7 ± 23.3 minutes. This initial experience of the combination of conventional frameless stereotaxy and high-field iMR imaging improved the quality of frameless stereotaxy with low morbidity and mortality, but did not translate into a significant reduction of procedure-related time.
Introduction
The development of computers and advances in technology have allowed increased clinical implementation of stereotactic techniques for various neurosurgical procedures, including brain biopsy, placement of catheters, and insertion of electrodes. Initially, these techniques required a rigid head frame, which is associated with some discomfort for the patients, and complicated calculation of positioning data for accurate targeting. The frameless stereotaxy technique can eliminate the cumbersome head frames, including the time for application, and achieved an accuracy comparable to frame-based stereotaxy. 1, 3, 4, 14, 22) Intraoperative magnetic resonance (iMR) imaging and MR-compatible devices have been developed for stereotactic procedures. Two different approaches to the clinical application of iMR imaging have been reported: low-field iMR imaging for stereotactic procedures because of the easy access to patients due to the open configuration, 2, 16, 25, 26) and high-field MR imaging. 10, 28) However, use of these systems for frameless stereotaxy is limited to restricted institutions, so whether this approach definitely improves clinical outcomes and reduce complication rates is not yet established. Encouraged by our previous experience with low-field iMR imaging, 18, 21, 27) we began to develop a concept integrating high-field MR imaging with an in-room neuronavigation system for frameless stereotaxy into the operation theater in close collaboration with Siemens Medical Solutions (Erlangen, Germany) and BrainLAB (Heimstetten, Germany). After installing a high-field MR scanner Here we describe our initial experience of frameless stereotaxy using high-field iMR imaging in conjunction with a fiducial marker-based neuronavigation system, and evaluate this system with an emphasis on clinical feasibility and validation.
Subjects and Methods

I. Patients
A total of 239 patients underwent neurosurgical procedures between April 2002 and mid-October 2003 in the operating theater of the Department of Neurosurgery at the University Erlangen-N äurnberg using high-field iMR imaging. This study retrospectively reviewed 32 patients, 20 men and 12 women aged 18 to 74 years (mean 48.4 ± 16.3 years) who underwent stereotactic procedures (e.g. brain biopsy and correct placement of catheter) based on their medical records, including the discharge and operative summaries, histological examination, and neuroimaging data. Nineteen patients underwent stereotactic brain biopsy and 13 patients placement of a catheter for intracranial cystic lesions. The indications for stereotactic brain biopsy were suspected intracranial tumor-like lesions in eloquent areas, multifocal lesions, and diffuse lesions. The local ethical committee approved high-field iMR imaging and signed informed consent from each patient was obtained.
II. Set up of the operating theater
All stereotactic procedures were carried out in a radiofrequency-shielded operating theater ( Fig. 1 ) containing a 1.5 Tesla MR scanner (Magnetom Sonata Maestro Class; Siemens Medical Solutions, Erlangen, Germany) and a specially designed rotating surgical table (Trumpf, Saalfeld, Germany). The superconductive active shielded magnet has a 160-cm bore length with 60-cm inner bore diameter equipped with a gradient system with a field strength of up to 40 mT/m (effective 69 mT/m) and a slew rate of up to 200 T/m/sec (346 T/m/sec effective). For safety reasons, both the 5-Gauss and 200-Gauss lines were marked on the floor and the latter was also marked by a raised stainless steel strip as a mechanical threshold. The principal surgical position of the surgical table was located at 160 degrees to the longitudinal axis of the scanner, with the patient's head at the 5-Gauss line, where all standard neurosurgical instruments can be used. Intraoperatively, the rotating surgical table allowed safe patient transportation into the scanner. Once the rotating mechanism was locked, the height of the table, the angle of tilt, as well as the lateral tilt could be adjusted by a remote control. Only the rotation about the table axis to turn the table into the axis of the scanner was performed manually for safety reasons. An alternative surgical position for stereotactic procedures was located at the opposite opening of the magnet, where only MR imagingcompatible instruments could be used. At this position, the patient could be withdrawn from the scanner for the burr hole procedure, then moved into the scanner for the brain biopsy under continuous imaging.
A ceiling mounted navigation system (VectorVisionSky; BrainLAB, Heimstetten, Germany) in combination with a touch screen monitor allowed the surgeon to use the neuronavigation system at any time during the procedure. Ceiling mounted in-room displays (Iiyama, Nagano) were located in the fringe field of MR scanner for optimal viewing during surgery. Anesthesia gas inlets and compressed air for surgical drills were integrated in the wall of the radiofrequency-shielded room. Service outlets and sockets were connected to individual electrical circuits so that selected devices could be switched off from a switchboard in the MR control room to prevent artifacts generated by individual devices. The ceiling outlet for laminar airflow was located above the main operating position (Luwa, Frankfurt, Germany). The laminar airflow output was surrounded by a band of fluorescent lamps for optimal illumination. The entire operating theater The monitoring data were transferred to the remote display, which allowed continuous monitoring during scanning from outside the radiofrequencyshielded operating room, using a wireless 2.4 GHz connection. Three infusion pumps (model 2010; Medfusion Inc., Duluth, Ga., U.S.A.) were shielded in a MR-compatible carrier (MRI-Caddy; MIPM, Mammendorf, Germany) for continuous infusion of drugs. The anesthesia equipment was located beyond the 200-Gauss line. 24) III. Frameless navigation-guided stereotactic procedures All patients underwent stereotactic procedures under general anesthesia because their heads had to be fixed with a head holder for accurate neuronavigation. For intraoperative use, a MR-compatible 4-point head fixation device made of glass fiber-reinforced plastic was integrated into the head coil. The upper part of the head coil could be sterilized using plasma sterilization. Sterile adapters were used to bridge between the nonsterile and sterile surgical areas to assure sterile draping. This unique system allowed wide variability of the patient's position, except for the sitting position. After induction of general anesthesia, the scalp was shaved and skin fiducial markers were glued to the head for preoperative scanning. We used data sets of 1.0 mm isotropic three-dimensional (3D) magnetization prepared with a rapid acquisition gradient echo sequence (MPRAGE; field of view [FOV] 250 mm, repetition time [TR] 2020 msec, echo time [TE] 4.38 msec, matrix 256 × 256, voxel size 1.0 × 1.0 × 1.0 mm, scan time 8 min 39 sec) for patient registration. Our unique concept for functional neuronavigationguided stereotactic procedure added two sets of data. The functional data from functional MR (fMR) imaging or magnetoencephalography (MEG) were integrated into the 3D MPRAGE navigational data set for functional neuronavigation, 7, 11, 19, 20) which allowed correct alignment of the trajectory of the biopsy needle. In patients with diffuse lesions, the data from MR spectroscopy and positron emission tomography (PET) were also integrated into the anatomical 3D MPRAGE data set, which facilitated accurate target selection, resulting in improvement of diagnostic yield.
After finishing the preoperative imaging, the patients were transferred to the principal surgical position and registration was performed using the pointers and rigid reference points within minutes. The optimal entry point and trajectory to the lesion were determined on the VectorVison Autopilot view. A small incision and a burr hole were made at the entry point determined by navigation. The MR imaging-compatible trajectory guide (NeuroGate set; DAUM, Schwerin, Germany) was inserted into the burr hole and tightly affixed by its screw ( Fig. 2A) . Then the 14-G biopsy needle (NeuroCut; DAUM) with an attached instrument adapter with three mounted reflective markers (BrainLAB) (Fig. 2B, C ) was inserted and pivoted until the previously planned trajectory was achieved. After the proper trajectory for biopsy target was determined, the locking nut was securely tightened to fix the needle (Fig. 2D) . The needle was advanced in a stepwise fashion along the planned pathway with the aid of continuous imaging on the navigation monitor. After confirming the tip of the cannula within the targeted lesion, serial biopsy samples were aspirated using a 5-ml syringe. Since the needle had a side cut window, specimens could be obtained from different portions by rotating the needle. Frozen section analysis was performed to confirm the presence of pathological tissue. During examination by a neuropathologist, the needle was withdrawn and intraoperative imaging was performed to assess the accuracy of sampling portion and exclude hemorrhagic complication. Once the diagnostic tissue was identified, the burr hole-mounted trajectory guide was removed and the wound was closed. For placement of a catheter, a different trajectory guide, a guiding tube with an attached instrument adapter, was held by a flexible Leyla fixation device to maintain the correct trajectory and the catheter was inserted through the tube. This guide had to be removed prior to intraoperative imaging. Cyst puncture was performed with standard silicone catheters containing a straight inner stylet as for ventricular puncture (35 cm radiopaque silicone ventricular catheters, 1.5 mm inner diameter, 3.1 mm outer diameter; 36 cm straight stylet; Codman, Raynham, Mass., U.S.A.).
All patients underwent at least three imaging procedures, i.e. before surgery, after induction of anesthesia, and following the actual stereotactic procedure. The position values in every sequence during imaging studies before starting surgery were recorded for subsequent scanning. This technique enabled identically positioned anatomical slices comparable to preoperative imaging. We preferred to use the T 2 -weighted turbo spin echo sequence (slice thickness 4 mm, FOV 230 mm, TR 6490 msec, TE 98 msec, scan time 5 min 59 sec at 3 acquisitions) for intraoperative imaging. Other sequences were also used for accurate assessment such as halfFourier acquisition single-shot turbo spin-echo (slice thickness 5 mm, FOV 230 mm, TR 1000 msec, TE 89 msec, scan time 25 sec), fluid-attenuated inversionrecovery (slice thickness 4 mm, FOV 230 mm, TR 10000 msec, TE 103 msec, scan time 6 min 2 sec at 1 acquisition), T 1 -weighted spin echo (slice thickness 4 mm, FOV 230 mm, TR 525 msec, TE 17 msec, scan time 3 min 59 sec at 2 acquisitions), and echo planar imaging dark fluid (slice thickness 5 mm, FOV 230 mm, TR 9000 msec, TE 85 msec, scan time 1 min at 1 acquisition).
Results
Thirty-two patients underwent stereotactic procedures in the operating theater with high-field iMR imaging during the study period. We did not observe any technical difficulties or untoward events attributable to application of high-field iMR imaging, or ferromagnetic accidents owing to the use of standard instruments at the 5-Gauss line. Intraoperative patient transport with the rotating surgical table was uneventful, with only a delay of about 2 minutes until imaging could start. Patient access during imaging is of course limited by the presence of the magnet, but during surgery the access is the same as in conventional surgery. Intraoperative imaging was technically possible in all cases. No imaging artifacts were observed as the fluorescent lamps and specific power outlets were turned off from the MR control room during scanning. The high-field scanner provided greatly superior intraoperative image quality compared to previous low-field scanners. There were no observable differences in image quality between preoperative and intraoperative MR imaging.
The results of patients who underwent stereotactic brain biopsy are summarized in Table 1 . Most lesions were primary brain tumors (6 glioblastoma multiforme, 3 malignant lymphoma, 5 astrocytoma, 2 gliomatosis cerebri, 1 oligodendroglioma, 1 oligoastrocytoma, and 1 leucodystrophia). We were able to localize the correct placement of the biopsy needle within the target lesion, as confirmed by intraoperative imaging in all cases. Therefore, the overall diagnostic yield was 100%. Additional imaging modalities (5 fMR imaging, 4 PET, 2 MEG, 1 MR spectroscopy, and 5 diffusion-weighted imaging) were integrated into the MPRAGE data sets for correct target selection in 11 patients. During the stereotactic procedure, the co-registered information was displayed on the navigation monitor. In patients with diffuse lesions (Cases 8 and 10), PET data were used to direct the target to the region of highest fluorodeoxyglucose uptake within the lesion. The application of the navigation system in this series provided satisfactory accuracy. Mean registration error (MRE) in cases of brain biopsy was 1.0 ± 0.8 mm (mean ± standard deviation). Figures 3 and 4 show examples of brain biopsy using iMR imaging.
The results of patients who underwent placement of a catheter are summarized in Table 2 . All cystic lesions were detected by the navigation system and the catheter tips were successfully placed into the cysts, but intraoperative imaging revealed inappropriate placement of the catheter tip in four of 13 patients. The rigid capsule led to an initial displacement of the catheter in three of the four patients, all with suprasellar craniopharyngiomas. In the fourth patient (Case 32), the catheter pathway was corrected, because after aspiration of some cyst fluid the intraoperative imaging revealed compartmentalization of the cyst, which was not visible before, so that the drainage would otherwise have been incomplete, but correction of the catheter path allowed satisfactory cyst aspiration. The re-registration technique using intraoperative imaging could adjust the catheter tip position to the correct location. Two patients (Cases 26 and 32) required another attempt whereas two (Cases 22 and 25) required two further attempts. MRE was 1.5 ± 0.7 mm in these patients, and overall MRE was 1.2 ± 0.8 mm. The differences in MRE between patients with or without repositioning of the catheter were not significant (1.6 ± 0.7 mm for one attempt versus 1.1 ± 0.4 mm for several attempts, p ＝ 0.12, Welch's t-test). Figures 5, 6 , and 7 show examples of correct placement of a catheter using iMR imaging. The mean time for setup (from positioning of the patient to skin incision) was 52.8 ± 19.2 minutes, Frameless Stereotaxy With Intraoperative High-Field MR Imaging including the time for head fixation, preoperative imaging, image processing, planning, and registration of navigation. The most frequent preoperative imaging sequence was the MPRAGE data set, which is necessary for the registration of the navigation system, with or without T 2 -weighted imaging. The mean time for intraoperative imaging (from the decision to perform iMR imaging to the end of the scanning) was 23.9 ± 10.5 minutes. The most frequent intraoperative imaging sequence was T 2 -weighted imaging. The total additional procedure time including preoperative and intraoperative imaging, image transfer, image processing, planning, and registration was 76.7 ± 23.3 minutes. There were no new neurological deficits or deterioration of preexisting deficits in any patient. However, one patient undergoing biopsy group developed local wound infection, which could be treated by antibiotics, and a catheter had to be removed one month after implantation due to meningitis in a patient with craniopharyngioma.
The overall morbidity and mortality was 0%. The differences in maximum diameter of the target between the two groups were not significant (41.7 ± 17.2 mm in patients who underwent brain biopsy versus 35.2 ± 12.9 mm for catheter placement, p ＝ 0.23, Welch's t-test) and MRE between the two groups was also not significant (1.5 ± 0.7 mm in patients who underwent brain biopsy versus 1.0 ± 0.8 mm for catheter placement, p ＝ 0.10, Welch's 
Discussion
Frameless stereotactic systems have been under development and implementation since the mid1980s. The frameless technique avoids the use of stereotactic head frames, complicated calculations, and the additional time and cumbersome task of application of the frame. 4) However, frameless systems require preoperative imaging oriented to a constant set of fiducial markers, which is usually performed at least one day before the planned operative procedure. This time lag between imaging acquisition and surgery is thought to be one of the major factors causing registration error. Our approach to obtain preoperative imaging data after induction of anesthesia and head fixation avoids movement of the skin markers compared to the conventional approach in frameless stereotaxy. The During planning of the trajectory, angulations and entry point of the trajectory passing to the target were verified using the virtual line of the tracking system (A), using axial (B), coronal (D), and sagittal (E) T 1 -weighted magnetic resonance (MR) images with contrast medium and the axial T 2 -weighted MR image (C). Frameless Stereotaxy With Intraoperative High-Field MR Imaging application of the burr hole-mounted guiding device with its adjustable locking mechanism to the biopsy procedures provided both accurate interactive localization and rigid instrument guidance. Moreover, the integration of neuronavigation into the MR environment also provided rapid selection of the appropriate target, entry point, and correct trajectory with visualization of reconstructed images in various planes during the entire procedure. The accuracy of the present method is comparable to those of both frame-based and frameless stereotaxy methods. 2, 3, 22) Review of the largest published series of 7471 stereotactic brain biopsies found the average diagnostic yield was 91% (80-99%), the mortality was 0.7% (0.5-2.6%), and the morbidity was 3.5% (0-13%). 8) In our series, none of the biopsy samples yielded normal brain tissue, and a final histological diagnosis was obtained in all cases. This overall diagnostic yield of 100% is only a preliminary value based on 19 patients, but falls within the range for conventional frameless stereotaxy 8) and iMR imaging, with a diagnostic yield of 96-100%. 2, 9, 10, 16, 26) The morbidity and mortality in our series were both 0%, but we observed two cases of wound infection, one needing surgical revision. The incidence of surgical site infection is 4% in patients who underwent craniotomies in conventional operating rooms. 12) Our study included too few patients to detect any increase in the number of wound infections caused by iMR imaging. However, we observed only four wound infections among 239 patients (1.7%) operated under high-field iMR imaging since April 2002. iMR imaging could exclude early postopera- tive hemorrhagic complications during so-called blind' procedures. Intracranial hemorrhage occurs as a complication in 0% to 11.5% of stereotactic brain biopsy procedures. 6, 8, 13, 23) This type of complication is infrequent, but has potentially drastic sequelae for a stereotactic procedure. Our approach allowed a reduction in the number of biopsy specimens obtained from the target, thus reducing the potential risk of morbidity associated with large numbers of biopsy attempts. 23) Special care should be exercised when performing frameless stereotaxy for posterior fossa lesions because of the mobility of the skin in this region and consequently the mobility of the fiducial skin markers, as well as the long distance of the target from the skin. 1, 22) Our frameless technique obtaining preoperative imaging data sets after induction of anesthesia eliminates the movement of the skin markers compared to the conventional approach obtaining imaging before surgery without head fixation, and was used successfully for one infratentorial biopsy and one catheter placement in the posterior fossa. Another reason for the failure of frameless stereotaxy is shifting of the target itself, which is common in lesions with a capsule, as found in the majority of the patients in Table 2 . Inability to penetrate the capsule is one of the reported reasons for procedural failure of stereotaxy, 2, 8) and repeated attempts were required in four patients in our series. This type of failure occurred regardless of the size of the target in our series, so may be attributed to the lesion characteristics. However, iMR imaging allowed immediate detection of the catheter displacement and was very useful for re-registration and planning of the new trajectory within minutes. Furthermore, there is another possibility for stereotactic procedures in our setup using real-time imaging at the opposite opening of the magnet, which we have not yet investigated in detail. Dynamic imaging is extremely helpful in compensating for the anatomical changes caused by target shift due to pressure of the tip of the biopsy needle.
Intraoperative use of a high-field MR scanner may eliminate the limitations such as low imaging quality and long acquisition time of a low-field scanner. 10, 28) However, we should clearly emphasize that with our described setup a smooth intraoperative workflow is guaranteed and updating of neuronavigation with intraoperative data for repeated biopsy attempts is possible. Just to place catheters in cysts would not justify purchasing a high-field magnet because such procedures should be possible either with low-field MR scanners or mobile computed tomography (CT), which have a clear advantage over the high-field MR scanner in view of cost effectiveness. Moreover, a high-field MR system has the potential for additional imaging modalities, such as fMR imaging, MR spectroscopy, and diffusion-weighted imaging, which cannot be easily achieved by low-field MR scanners. MR spectroscopy is now increasingly used to distinguish between tumor and non-tumor tissue in clinical practice, 5) but rarely in the field of interventional MR imaging. 15) In one case, we also used this spectroscopic information to determine the optimal targeting site to obtain a biopsy specimen and achieved diagnostic yield. Our approach enabling both MR spectroscopy and conventional MR imaging for registration in a single procedure, without requiring patient repositioning, was very useful for brain biopsy, especially in diffuse or heterogeneous lesions. Furthermore, it is also possible to take these spectroscopic images during the surgical procedure and integrate the data into the neuronavigation as an intraoperative update, thus aiding subsequent attempts.
Interventional MR imaging has recently been developed, so there is no proof of biological effects related to the exposure of persons working in a magnetic field, especially in the fringe-field of a high-field (1.5 T) scanner. Compared with stereotactic procedures using real-time imaging within a high-power magnetic field, our approach provided safety advantages over other implementations of iMR imaging for real-time imaging. Procedures in our environment were mostly performed outside the 5-Gauss line, which eliminated unnecessary longlasting exposure to high magnetic fields for both surgeons and other staff.
There are some limitations that have to be discussed. First, whereas our frameless stereotaxy method using iMR imaging provided superb effects in clinical practice, the overall procedure time, including planning, registration, and intraoperative imaging, is relatively long. The mean additional time (76.7 min) required was longer than reported in series of frameless stereotaxy procedures with lowfield iMR imaging 2) or without intraoperative imaging modalities. 17, 22) One of the most cited restrictions of this technology is the lengthening of the image acquisition time compared with other modalities such as mobile CT, which requires less imaging time. Additional anesthetic time is difficult to dissociate from image acquisition time in our approach, so the overall procedure time is difficult to decrease to a period comparable to conventional stereotaxy. We believe, however, that the smooth workflow with our set up and shortening of image acquisition time generated by a high-field scanner can obtain additional imaging information as described before compared with the low-field scanner. Because there is a learning curve to performing these unique procedures, 2) optimal management of this problem may be achieved by surgeons familiar with this technique. At present, the introduction of iMR imaging for stereotactic procedures does not translate into significant reductions in operative time in comparison with conventional frameless stereotaxy. Therefore, careful patient selection of the type of intraoperative imaging is necessary to reduce the procedure-related time. In the near future, we expect that improvement of the speed of the image acquisition technology will probably solve these problems.
Second, one disadvantage of both frame-based and frameless biopsy techniques is the potential risk for brain shifting after the dura mater has been opened and the cerebrospinal fluid drained, which can result in displacement of the target. Frameless stereotaxy has been performed interactive with near-real time iMR imaging that allowed for direct visualization of the instruments. 3, 9, 10) In our series, the aim of the procedure was not affected by brain shift in any patient. Moreover, if intraoperative shift of the target occurred and histological yield was not achieved, iMR imaging could depict the reasons for failure of targeting and allowed us to visualize the correct target by re-registration of neuronavigation within few minutes. Third, important restrictions of the introduction of iMR imaging for stereotaxy are related to cost effectiveness. Although it is clear that iMR imaging for stereotactic procedures initially increases costs, for the equipment, site, and personnel, we expect that the cost of the iMR imaging system will be easily offset by using the system for pre-and postoperative assessment of patients when not required for intraoperative scanning. Our unique approach did not require completely MR-compatible instruments (excluding the burr hole-mounted trajectory guide), which are necessary in procedures within the fringe field regardless of the strength of the magnet. In our series, we found no early postoperative hemorrhagic complication, which also reduced postoperative imaging costs, as a follow-up CT the next day was unnecessary. Moreover, an uneventful postoperative clinical course certainly reduces both the hospital stay and costs. In the near future, we expect that less costly iMR imaging systems will be available.
Frameless stereotaxy using high-field iMR imaging was safe and effective, and yielded both successful histological diagnosis yields and correct placements of catheters with low morbidity and mortality comparable to those obtained both in conventional and image-guided stereotactic series. However, introduction of this new technique did not translate into significant reduction in operative time.
